(Text-figs. 1-2) When offshore water, collected during the early part of the year, is enriched with nitrate, phosphate and an iron salt and is kept in a north window, a growth of phytoplankton develops. After a few days the plant community changes; typical planktonic diatoms give way to pennate forms while flagellates and other unicellular algae tend to become numerous. The colonial alga Phaeocystis continues growth and some species of centric diatoms, as Skeletonema, persist longer than others.
When offshore water, collected during the early part of the year, is enriched with nitrate, phosphate and an iron salt and is kept in a north window, a growth of phytoplankton develops. After a few days the plant community changes; typical planktonic diatoms give way to pennate forms while flagellates and other unicellular algae tend to become numerous. The colonial alga Phaeocystis continues growth and some species of centric diatoms, as Skeletonema, persist longer than others.
Similar changes in the community have been described by Allen & Nelson (1910) who differentiate between the true plankton forms which flourish in the sea and the" aquarium forms which invariably take possession wh~n present in mixed cultures, whilst the plankton forms are killed off. Why is it that, although species of the second class are always present in small numbers in plankton taken from the sea, they are there altogether outnumbered by the true plankton forms, whereas under conditions.such as those of our experiments they invariably succeed in gaining the upper hand?"
This change appeared to start at about the time when, owing to photosynthesis by the increasing population of diatoms, the hydrogen-ion concentration fell and, collaterally, the partial pressure of dissolved carbon dioxide was reduced to a fraction of its normal value. By varying the quantity of excess base, some evidence was obtained which suggested that it was the reduced carbon dioxide pressure rather than increase in pH which caused the change in the community. Experiment showed that by keeping the partial pressure of carbon dioxide (and pH) within reasonable bounds, considerable growths of typical planktonic communities would develop. These were free or almost free from flagellates and were similar in composition to the diatom communities occurring at that time in the sea but many hundred times more dense.
These growths were obtained by bubbling a rapid stream of washed and filtered air through the water, reducing the light during particularly bright weather if the pH rose unduly, and by limiting the supply of one or other nutrient salt. In this way it was possible to obtain natural planktonic populations of such density that they had utilized 200 mg.jcu. m. of available phosphorus at room temperature in March. With longer and brighter days later in the year, such dense populations were not always obtained; the rate at which they utilized CO2 being, presumably, greater than the rate of supply 8-2 from the air bubbles, and the changein community set in before so much nutrient was utilized. It was also found desirable to add a source of silica more readily availablethan from the glasswallsof the flask; a solution of waterglass neutralized with hydrochloric acid proved satisfactory for this purpose. Using this method of experiment it was possible to make various observations concerning the nutrient requirements of typical phytoplankton communities. Such communities include bacteria.
The number of bacteria occurring in nature in sea water rich in phytoplankton is greater than water poor in phytoplankton (Waksman et ai., 1933) ; there is reason to believe that some of these bacteria are epiphytic. It seems desirable therefore, in investigating the requirements of a phytoplankton community, to consider it as composed of both plant cells and bacteria, some of which may even playa part as symbionts. Indeed it is impossible to do otherwise in practice; it is not certain that marine diatoms have yet been obtained in culture free from bacteria.
On the other hand, it is necessaryto considerhow far these densepopulations of phytoplankton grown from crude sea water resemble, not only in their plant species, but also in their bacterial content, communities occurring naturally in the sea.
. When sea water is transferred to a glass vessel there is a rapid growth of bacteria. It has been shown that this growth is more rapid and greater the smaller the vessel, and depends upon the relation between the area of glasswater interface and the volume (Lloyd, 1937) . ZoBell has suggested that organic matter dissolved in the water is adsorbed on the interface, where its localized concentration permits the bacteria to develop. Waksman et al. (1933) have followed the increase in numbers of both diatoms and bacteria in a culture, finding that the ratio of bacteria to diatoms increased from 3 : I to 20: 1.
Although, in culture, the phytoplankton population becomes several, often many, hundred times more dense than in the sea, it seems probable that the supply of nutrient salts arising from bacterial decomposition of organic compounds proceeds at a rate, relative to the phytoplankton population, which is greater than would occur in nature.
THE RATIO OF NITROGEN TO PHOSPHORUS UTILIZED
A preliminary experiment was made in which a sample of sea water was enriched with ample phosphate, iron and silica. Portions of this were further enriched with 0'25, 0'5, 1'0 and2'omg.jl. nitrate N. After 5 days (March2o-2S) in a north window, there was a growth of diatoms in all the flasks, the increased growth due to 0'25 mg.j1.N. being very marked, and the growth due to higher concentrations only somewhat greater. After a further three days there was a regular apparent gradation in growth in the five flasks, the population density appearing to be doubled due to a doubling in quantity of added nitrate n~trogen. The community contained Thalassiosira two spp., Skeletonema II7 costatum, Lauderia borealis, Ditylilm Brightwelli and Phaeocystis, which together formed the dominant species.
Samples were taken froin each flask and the phytoplankton separated by centrifuging. Their yellow-green pigment was dissolved in acetone and the colours compared with standard colours (Harvey, 1934) . The linear relation between pigment in the diatoms and nitrate N added is shown in Fig. 1 . It had been found during the spring of 1934 that net-caught diatoms contained, on the average, 1000 units of plant pigments per 0'08 mg. phosphorus (Harvey et al., 1935) .
The following analyses of diatoms from the English Channel and American coast suggest an average content of nine times more nitrogen than phosphorus diatoms as they occur naturally in the sea.
Ratio NIP by weight English Channel, mixed diatom community, 3. iv. 34t 9'6 " "mainly Rhizosolenia, 15. v. 34t 7'7 " "mainly Rhizosolenia, 24. v. 34t 7'0 Bay of Fundy, Thalassiosira Nordenskioldii* 13'4 Off Nova Scotia coast, mixed diatom community* 6'9
Average 9 * Redfield (1934).
t Cooper (1937a) .
Hence it may be concluded that, asa rough average value, diatoms..occurring naturally contained some 1400 units of plant pigmerit per milligram of nitrogen.
The experiment indicates that for equal production of diatoms roughly nine times more nitrate N was utilized than phosphate P. Thalassiosira gravida, Lauderia borealis, Biddulphia regia, Phaeocystis, Chaetoceros two spp., Ditylum Brightwelli and Skeletonema costatum were dominant; Thalassiothrix nitzschioides, Asterionella japonica, Nitzschia sp., Rhizosolenia alata, Bacillaria paradoxa and Streptotheca thamensis were also present.
The experiment was repeated and gave a result which indicated that 10'4 times more nitrate N was utilized than phosphate P. In this water Thalassiosira gravida, Lauderia borealis and Chaetoceros two spp., formed the bulk of the production.
DIRECT UTILIZATION AND PREFERENCE FOR AMMONIUM
It has been shown that ammonium can be utilized as a source of nitrogen by the unicellular algae Carteria (Schreiber, 1927) , Chlamydomonas (Braarud & F6yn, 1930) and ChIarella (Pearsall & Loose, 1937) , in cultures free from bacteria. Several species of marine diatoms with their associated bacteria have also been found to utilize it. On the other hand the distribution of ammonium in the sea does not provide any clear evidence that it is utilized as such by phytoplankton, but, as pointed out by Cooper (1937 b) , this is not remarkable on account of the complex changes in which it is continuously taking part.
Since the productivity of any area of the sea may be limited by the rate at which utilizable nitrogen is set free in the processes of digestion and decay, it is a matter of interest whether a phytoplankton community can use the earlier products of nitrogenous breakdown as well as the final product, which is nitrate.
A number of experiments have been made in which quantities of ammonium N up to 2'0 mg.j!. have been added in place of nitrate N. The resulting growth was similar in quantity and composition to that brought about by an equal quantity of nitrate N. The same waters enriched with ammonium but kept in the dark during the period of the experiment were found to have undergone no detectable decrease in ammonium or increase in nitrate. There was no material change of ammonium to nitrate or nitrite.
This provides evidence that communities of diatoms such as occur in the spring can utilize ammonium directly. . In some of the experiments, growth of the diatoms appeared to be slightly more rapid when supplied with ammonium than with an equal quantity of nitrate N. Pearsall & Loose (1937) had found that Chlorella would use ammonium-nitrogen more rapidly than nitrate N when grown in a solution containing equal quantities of both.
An experiment was therefore made with crude sea water adding equal quantities (0'4 mg.j!.) of ammonium and nitrate N, mixed together, as a source of nitrogen. Analyses made at intervals during the growth of the resulting diatoms, gave values which are shown in Fig. 2 . Most of the ammonium was used before there was any appreciable utilization of nitrate. Thalassiosiragravida and Rhizosolenia delicatula were dominant; Eucampia zoodiacus, Skeletonema costatum, Phaeocystis and Chaetoceros sp. being also present.
It appeared possible from this result that the more rapid utilization of ammonium was not merely due to the more rapid diffusion of its ion than of the nitrate ion. In order to investigate this possibility an experiment was made where the addednitrogen consistedof 3°mg./I. nitrate Nand 0'5 mg./I. ammonium N. When the growth of diatoms had reached a population density which appeared on inspection similar to a growth which had utilized between 0'5 and 1'0 mg.jI.N, analysis showed that the ammonium N had been reduced, from the 0'5 mg.jI. added, to ca. 0'025 mg.jI., possibly less. A sample of the same enriched water had been kept in the dark and this was found to have suffered no appreciable change in ammonium content. From this result it is concluded that the diatoms utilized nearly all the ammonium before any material quantity of the nitrate was used, although the latter was sixty times more concentrated at the beginning of the experiment, and many times more towards the end. That bacteria had not converted the ammonium to nitrate or nitrite was indicated by the analysis of the same water kept in the dark.
The possibility remained that the algae themselves converted nitrate to ammonium in the external medium. Warburg & Negelein had found that ammonium was produced in a nitratesolutionin which Chiorella were suspended and kept in the dark. Experiments failed to show that marine diatoms did this; very small quantities of ammonium were found in the nitrate-enriched sea water in which the diatoms had been kept in the dark for several days, but not more than might be accounted for by breakdown of the diatoms.
UTILIZATION OF UREA AND URIC ACID
Experiments showed that nitrate or ammonium, added as a source of nitrogen, could be replaced by both urea and uric acid. With the former, growth was usually slower than with an equal quantity of nitrate N, and the final crop or total production of diatoms was in some cases less. With uric acid growth was slower and the final' crop materially less, not more than 50 % in some cases.
. It was found that if asubsample of the water with added urea or uric acid was kept in the dark during the course of the growth experiment, there was only an insignificant increase in its ammonium content. It would appear from this that most of the urea and uric acid was utilized directly. The phytoplankton community which developed with nitrogen added as nitrate, ammonium, urea or uric acid was similar in composition, with the exception of one experiment where the two latter sources of nitrogen led to a greater proportion of Skeletonema costatum, the other dominant species present being Thalassiosira two spp., Lauderia borealis and Ditylum Brightwelli.
AMINO-ACIDS AS A SOURCE OF NITROGEN
Although amino-acids have not been identified as occurring in sea water, their presence is probable, derived both from the early stages of the breakdown of organic matter and from the excreta of invertebrates. Baldwin (1937) cites analyses of the excreta of seven species, where amino-acids account for 14 % of the total nitrogen. Moreover, significant quantities of dissolved amino-acids have been determined in lake water, amounting to some 0'08 mg.j1.N (Peterson et al., I925) .
. Nitrogen in this form can be utilized by bacteria-free cultures of Carteria (Schreiber, I927) and of Chlamydomonas (Braarud & Foyn, I930) ; there is no knowledge whether marine diatoms, such as form the bulk of most phytoplankton communities, can utilize them directly, that is without previous breakdown to ammonia.
In an experiment where amino-acetic acid and where iX-amino-propionic acid were added to crude sea water as a source of nitrogen, the resulting growth of diatoms was indistinguishable from the growth in a flask supplied with an equal quantity of nitrate N. It was found that ammonia was being set free in the water more rapidly than the diatoms were using it. In other experiments with iX-amino-propionic acid growth was not always so rapid as with nitrate and in some cases the crop was slightly less. Similar results were obtained using ,B-amino-propionic acid and using proline as initial sources of nitrogen. With I-leucine variable small growths were obtained, the best growth was roughly one-third of that obtained with an equal addition of nitrate nitrogen. In this experiment it is noteworthy that no growth took place due to an equal addition of d-leucine nitrogen.
These experiments show that some amino-acids can be used by communities of marine diatoms with their associated bacteria, but provide no evidence whether they can be used directly without deamination in the external medium.
Kreps (I934) has presented evidence that some changes in the nitrogen and phosphorus cycle in sea water may be brought about through the agency of catalysts or enzymes. With the aim of finding whether such caused any material part of the deamination which occurred in these experiments, or whether the ammonium set free was due almost entirely to bacterial breakdown, crude sea water and the same after passing through a Seitz filter were added to iX-alanineand the solutions kept for 5 days. A very heavy production of ammonium had taken place in the crude sea-water solution, but no detectable production in the solution made with Seitz filtered water.
TRIMETHYLAMINE OXIDE
This substance has been found in the urine of a marine teleost, forming 2~% of the total nitrogen (Baldwin, I937) and is doubtless a potential source of combined nitrogen in sea water. Several experiments failed to show any increased growth of phytoplankton due to its addition to samples of crude sea water.
ORGANIC PHOSPHORUS COMPOUNDS
The productivity of an area of the sea is limited inter alia by th~rate at which phosphorus, in a form which phytoplankton can use, is returned, after the death of organisms, to the upper layers. Sea water contains organic phosphorus compounds in solution in addition to phosphate; Redfield et al. (I937) have shown how these dissolved organic compounds accumulate in the water during the summer and are mostly broken down to phosphate during the winter. Their chemical nature is unknown. Surmise suggests that much nucleic acid must pass into the water during the course of a year from the sperm and ova shed by the animal population. Gardiner (I937) has shown the rapid regeneration of phosphate by copepods feeding on phytoplankton, but the proportion which is excreted as phosphate and which may be returned to the water as phospho-proteins and glycerophosphate compounds in partially digested faeces is unknown.
With these considerations in view, the effect of adding sodium nucleinate, caseinate and glycerophosphoric acid to crude sea water, in place of phosphate, has been tried. Sodium nucleinate brought about a similar growth and crop of diatoms to that brought about by an equal addition of phosphate P. A subs ample kept in the dark showed on analysis that phosphate had been rapidly formed from the nucleinate. No such dephosphorulation occurred in water which had passed a Seitz filter, so it appears that marine bacteria very rapidly attacked nucleic acid.
The addition of caseinate led to a similar final growth, but growth was slower. The addition of glycerophosphate had no apparent effect.
It is noteworthy that none of these compounds give the Atkins-Deniges phosphate reaction.
Throughout these experiments thorough" bacteriological" precautions against possible contamination of the water samples were not taken, as the chance of such affecting the results seemed negligible.
I am indebted to Miss M. Mare for the identification of many diatom species and to Mr R. J. Harrison for analyses of the phosphorus compounds used. SUMMARY A method is described for obtaining growths of phytoplankton in samples of crude sea water, similar in composition but several hundred times more dense than phytoplankton communities occurring in the sea.
The ratio of nitrogen to phosphorus utilized by such communities has been determined.
They use ammonium in preference to nitrate, although the latter may be many times more concentrated than the former.
They use urea and uric acid as sources of nitrogen. Certain amino-acids when addec4ts sources of nitrogen were attacked by the bacteria in the community and either the ammonium set free or both the ammonium and the amino-acid were used by the phytoplankton. Others, as d-leucine, were not utilized, or, as I-leucine, only slowly utilized.
Sodium nucleinate and caseinate were rapidly broken down when added to crude sea water by bacterial action, and the phosphate produced utilized by phytoplankton. There was no significant utilization of glycerophosphate.
